We study, both theoretically and experimentally, the variations of the absorption coefficient of bulk GaAs in the presence of a non-thermalized electron-plasma. We investigate the changes of the Coulomb enhancement factor (CEF) due to nonthermal carrier distributions. For comparison with experimental data, time-dependent nonlinear absorption spectra are calculated using carrier distributions obtained from the numerical solution of Boltzmann's equations. Experimental absorption spectra are derived from differential transmission and reflectivity measurements of GaAs thin films in the subpicosecond regime. Both experimental and theoretical spectra show a red-shift of the transient hole burning peak that can be attributed to the spectral dependence of the CEF changes. An induced absorption above the spectral hole is predicted for narrow distributions. This effect, which critically depends on the width of the carrier distributions, is strongly suppressed by fast collisionnal broadening in accordance with the experimental results.
I. INTRODUCTION
The availability of ultrashort laser pulses has triggered much effort to study transient nonthermal carrier distributions in semiconductors and their subsequent evolution into a thermal regime. In time-resolved differential transmission experiments, the presence of non-thermalized carriers is deduced from the observation of a transient spectral hole burning in the vicinity of the photoexcitation energy. This effect was reported in bulk GaAs (with 500 fs pump pulse (PP) [1] , with 120 fs PP [2] , with 60 fs PP [3] ), and also in GaAs quantum wells with 100 fs PP [4] [5] . The spectral hole burning could not be observed in GaAlAs with 150 fs pump pulses [6] . Photoluminescence experiments with time resolutions down to 100 fs failed to prove the presence of nonthermal distributions of carriers in GaAs [7] [8] [9] [10] , except recently in the case of extremely low excitation density [11] . Recent pump-probe experiments in GaAs [3] using 60 fs pulses, clearly demonstrate that the carrier thermalization in the conduction band occurs within a time interval of 150-200 fs. This thermalization time shows no significant dependence on excitation density or excess energy in the range from 2x10 17 /cm 3 to 2x10 18 /cm 3 and 35 meV to 90 meV respectively. Before thermalization of the photoexcited carriers, a transient spectral hole may be observed, which appears to be red-shifted with respect to the center of the pump energy [2] [3] . This change of the transmission in the presence of a dense non-thermalized plasma has been attributed to the influence of the electronhole correlations on the absorption coefficient [12] [13] .
In this paper, we study, both theoretically and experimentally, the absorption of bulk GaAs in the presence of a nonthermalized electron-hole plasma. The remainder of this manuscript is organized as follows: -In section II, we recall the foundations of the model used for computing the Coulomb Enhancement Factor (CEF), i.e., the contribution of the electron-hole correlations to the absorption coefficient. -We extend, in section III, CEF calculations to account for non-thermalized plasmas. We first consider the case of Gaussian carrier distributions centered around the photogeneration energy. The most striking result is the appearance of a CEF oscillation at the photogeneration energy when carriers are localized around some nonzero k. Under the assumption of Gaussian carrier distributions, the calculations predict the occurrence of an induced absorption band above the spectral hole. This effect however depends critically on the width of the carrier distributions and is strongly suppressed when broadened distributions are considered. -In real experiments, the accumulation of carriers around the photogeneration level is limited by carrier-carrier collisions which tend to spread out the initial electron and hole distributions. We therefore solve in section IV, 20/12/99
Bolztmann's equations for the plasma-LO-phonon system to determine the kinetics of the one-particle distributions in the non-thermalized regime. Boltzmann's equations are solved using dynamically screened interactions in the framework of the plasmon pole approximation. The absorption is then computed, including the band filling and the CEF changes caused by the non-equilibrium carriers. -In section V, calculations are compared with experimental nonlinear absorption spectra. These are obtained from differential transmission and reflectivity measurements as described in [14] . Both experimental and theoretical data confirm a red shift of the hole burning peak. This effect can be ascribed to the variations of the CEF in the presence of the non-equilibrium electron-hole plasma. No clear induced absorption above the pump energy can be observed in the experimental spectra. This result is in accordance with the calculations.
II. Coulomb Enhancement Factor model
We do not try to describe the coherent interaction of an optical pulse with the electron gas. We study the collision dominated regime. This approach is justified for the experiment we consider in the following, namely, the excitation of a GaAs platelet by 70 fs pulses laser pulses, generating a high density of electron-hole plasma, in the range 10 17 /cm 3 to 10 18 /cm 3 . The average time between 2 collisions may be estimated of the order of 10 fs. Coherent effects are expected to be negligible. This is consistent with the plasma thermalization time reported in Ref. 3 which typically lasts 150-200 fs. Therefore, we do not consider the coherent oscillations of the absorption. We assume that the interband polarizability follows the time evolutiom of the distribution functions, the variations of which dn c /dt are slow compared to the photon frequency ω (i.e., dn c /dt<<ωn c ). The interband polarizability P cv is described in the enveloppe function approximation P cv =F(t)e iωt +CC where dF(t)/dt<<ω. In the framework of this quasistationnary approach for the polarizability, the absorption α(·ω,ρ) is related to the optical
where ·ω, n(ω) and c are the photon energy, the refractive index and the light velocity respectively. Im denotes the imaginary part. ρ is the plasma density. The susceptibility ( ) ω χ k is determined from the solution of the following integral equation [15] [16] [17] [18] [19] [20] [21] : 
which contains the one-particle distributions for holes and electrons, respectively n h (k) and n c (k). ε c (k) and ε h (k) are the electron and hole kinetic energies. E g (ρ) is the density dependent band gap which is not well known in transient regime. We follow the treatment of Refs [12, 21] . As a result, our analysis of the differential transmission spectra is not accurate close the band edge, i.e., around 1.42 eV. This weakness is however not essential as we draw no critical conclusion from the specific analysis of this spectral region. J vc = < v ep / m c > is the interband matrix element of the current operator [15] . When the Coulomb potential 
The absorption depends on the band filling factor
. This simple model is unfortunately not sufficient for describing real experiments. It is well known that any quantitative description of the absorption above the band gap must take into account the electron-hole interaction to get a realistic absorption line shape as first demonstrated by R.J. Elliot [22] . The absorption coefficient may be cast as [15] [16] [17] [18] [19] [20] [21] :
where CEF(·ω) is the Coulomb enhancement factor (CEF) which describes the change of the absorption coefficient due to the screened Coulomb interaction between the electron and the hole. α 0 (·ω,ρ) is defined by Eq. 4. If n h =n c =0 in Eq. 2, we recover Elliot's results, namely ( consuming. Therefore, we follow the so-called "factorization approximation" [15] [16] [17] [18] [19] [20] [21] 23 ] which provides results close to those of the full numerical treatment at high density (say around or above the Mott density). In the framework of this approximation, the CEF may be written:
where I(·ω) and J(·ω) are two Cauchy integrals, which explicitly read:
is the angular average of the statically screened Coulomb potential, namely in bulk materials:
The Debye-Hückel wave vector q D is calculated in thermal or athermal regimes using the expression:
4 ε π .For comparison to experimental data, Eq. 5 must be convoluted with a broadening function which takes into account the influence of collisions on the absorption spectrum. We follow Banyai's phenomenological treatment which was successful in the case of thermalized plasmas [24] [25] . The absorption coefficient (Eq. 5) is convoluted with the function Β(·ω,ρ) which is defined by:
We use a density-dependent broadening Γ(ρ)=Γ 0 +Γ 1 ρ with Γ 0 =1.2*R H ≈6 meV and Γ 1 =(10−20) eV/cm 3 .
III. Coulomb Enhancement factor in the presence of a non-thermalized plasma.
Equation 2 was extensively studied in the presence of a thermalized electron-hole plasma (i.e., when n c and n h are Fermi-Dirac functions) [15] [16] [17] [18] [19] [20] [21] . We investigate in this section the influence of non-thermal carriers on the CEF. As a first approach, we neglect all carrier scattering mechanisms and assume Gaussian distributions for electrons and holes. This enables to determine the characteristic CEF changes induced by the non-thermalized carriers. A comparison of the CEF in the thermal and non thermal regimes is displayed in Fig. 1 . The CEF is computed as a function of the excess photon . It is very slightly below that obtained when computing the CEF in the framework of Elliot's theory (Eq. 6, zero density limit). The difference is of the order of 2-3%. In fig. (1a) , we consider a thermalized plasma at a temperature of 300K. The CEF was computed for a series of densities ranging [26] . In the thermalized regime, the calculation show, as previously published [15] [16] [17] [18] [19] [20] [21] , a uniform reduction of the CEF (for ρ<1.6x10
18 /cm 3 ). Fig. 1b shows the CEF computed for Gaussian carrier distributions (both for electrons and holes), i.e., for extremely non-thermalized conditions. We assume a photogeneration energy of 90 meV above the band gap and a laser full width at half maximum (FWHM) of 23 meV. The FWHM of the photogenerated distributions are about 20 meV and 3 meV in the conduction and valence bands, respectively. These parameters would correspond to the experimental conditions reported in section V if all the scattering mechanisms could be neglected. The CEF was computed for densities ranging from 2.0x10 15 /cm 3 to 3.2x10 17 /cm 3 . It exhibits an oscillation just around the photogeneration energy which becomes very pronounced when the plasma is locally degenerate in k-space, i.e., when the band filling factor becomes degenerate around the photogeneration energy ( i.e., when f c +f h ≈1). The oscillation of the CEF will modify the shape of the absorption coefficient α(·ω,ρ). We expect an increase of the absorption above the photogeneration energy ( hν>20 Ry) as a result of the increase of the CEF in this region (see Fig. 1 ). Contrary, the lowering of the CEF below the photogeneration level is expected to reduce (in conjunction with the band filling) the absorption between the excitation energy and the band gap. The absorption coefficient α is determined from Eqs. (2-4) . Typical differential absorption spectra -∆αL are computed in Fig. 2 for L=1 µm. These absorption changes are calculated assuming Gaussian carrier distributions centered around the energy 18 Ry (90 meV) as in Fig. 1 but for different widths of the conduction and hole distributions. The plasma density is taken as ρ=4.0x10 17 /cm 3 . The FWHM of the electron distribution was taken as 20, 40 and 80 meV for lines a, b, c respectively. The induced absorption below the absorption edge of the unexcited material (i.e., for hν-E G <0) is due to the gap shrinkage in the presence of carriers. Notice that the induced transmission in the interval 0<hν-Eg<5R H is not at all due to the band filling for line a, i.e., for the narrowest distribution, but due to the reduction of the CEF which is very effective just above the band edge. Band filling is responsible for the transmission peak (also denoted as a spectral hole) near the photogeneration energy (i.e., around [hν-E G ]≈18R H ). This peak is slightly shifted towards the low energies with respect to the center of the photogeneration energy. This is caused by the oscillation of the CEF displayed in Fig. 1b . The shift is of the order of 1-2 excitonic Rydbergs. An induced absorption band is predicted above the photogeneration peak, typically extending up to 40 Ry ( see Fig. 2 ). This effect disappears when broadened distributions are considered (lines c). A small negative absorption -0.01<∆αL<0 persists for hν>40 Ry, which, however, is smaller than the expected accuracy of the CEF model (∆CEF/CEF≈0.01). In contrast, the red-shift of the spectral hole is much less sensitive to the broadening of the nonthermal carrier distributions. It slightly increases with the width of the (Gaussian) distribution.
IV. Subpicosecond plasma dynamics.
The shift of the bleaching peak and the occurrence of induced absorption displayed in Fig. 2 have been based on the assumption of narrow carrier distributions duplicating the shape of the photogeneration pulse. In real experiments, the accumulation of carriers around the photogeneration level is limited by carrier-carrier collisions which tend to spread out and to thermalize the initial electron and hole distributions. This effect is already efficient during the excitation pulse. The shift of the hole burning peak is weakly sensitive to the broadening the carrier distributions (Fig. 2) . Contrary, the effect of induced absorption above the photogeneration energy disappears in case of distribution broadening. For comparison with experimental spectra, the absorption model must be coupled to a plasma dynamic program computing the kinetics of the one-particle distribution functions and including the thermalization effect of collisions. This work is briefly described in the following. We consider one conduction band, one valence band, and LO phonons. We may describe the transient non-thermalized regime using the following set of integro-differential Boltzmann's equations: 
1-This system does not include an additional equation for
the interband polarizability [14] [15] [16] [17] [18] [19] [20] [21] . This means that we do not try to describe the coherent interaction of light with the electron-hole plasma which implies to simultaneously solve the kinetics equations for the interband polarizability and for the carrier distributions as extensively discussed in section II. 2-We use a full dynamic screening of all the interactions for computing the scattering terms in the Boltzmann's equations (carrier-carrier and carrier-LO-phonon interactions, see also Refs. 3 and 6). The dynamic dielectric function was computed in the framework of the plasmon-pole approximation to save computation time.
The impact of this approximation was discussed in [27] . 3-The scattering amplitudes of the electron-electron and hole-hole collisions do not include the exchange term [27] . Non-equilibrium LO-phonon effects are included through Eq. 11c. The kinetics of the distribution functions were calculated by the so-called direct iterative method which consists of using a predictor-corrector algorithm for determining the evolution of Boltzmann's equations [28-29, 3, 6] . 20/12/99 V. Comparison of calculations to differential transmission data in the subpicosecond regime.
In this section, we compare the theoretical results, derived from the combination of the models presented in Sec. III and IV, with experimentally determined absorption changes. The experiments were performed in a standard femtosecond pump-probe set-up using near-infrared pump pulses of approximately 70 fs duration and a white-light continuum probe. The samples we used are thin GaAs films (223 nm and 263 nm respectively) grown by molecular beam epitaxy. The samples are glued onto glass platelets and the substrate has been removed by selective etching. From the time dependence of the differential transmission, we previously concluded that the thermalization is achieved within a time interval of the order of 150-200 fs [3, 30] . The absorption changes of a thin film are not directly given by the differential transmission spectrum [31] [32] . Reflectivity variations and interference effects must be taken into account to determine precisely the absorption changes of GaAs films [14] . For the present study, we derived the nonlinear absorption changes from simultaneous measurements of the pump-induced transmission and reflectivity changes fully taking into account the Fabry-Pérot effects in our structures. The details of the experimental set-up and the derivation of the absorption variations are reported in references [3, 14] . We show in Figs. 3a-4a, typical sets of experimental nonlinear absorption spectra after an excitation at 1.51 eV, for estimated carrier densities of 8x10 17 -A spectral hole around the energy 1.50 eV is observed during the excitation pulse, i.e., for times lower than 50 ps. The peak is clearly shifted by 10-12 meV at times -50 fs and 0 fs in Fig. 3a , and up to time 50 fs in Fig. 4a . This observation is in accordance with the calculated spectra reported in figs. 3b-4b which also exhibit a spectral hole around the energy 1.50 eV (times -100 fs, -50 fs). Its red-shift is attributed to the CEF oscillation appearing in the non thermalized regime. Notice that the series of calculated spectra are very similar in Figs. 3b-4b for plasma densities 2x10 17 /cm 3 and 8x10 17 /cm 3 . This is consistent with the insensitivity of the thermalization time with respect to the plasma density [3] . -While the experimental spectra in Fig. 4a show no induced absorption above the pump energy, a small absorption band above 1.55 eV is displayed in fig. 3a at time t=50 fs. Its amplitude is however very close to the experimental noise limit. We conclude that our experimental data show no significant induced absorption effect above the pump energy. A similar conclusion holds for the computed spectra (figs 3b and 4b). A very small absorption is predicted above 1.55 eV during the leading edge of the excitation pulse, i.e., for -50 fs<t<0 fs. This small effect is within the accuracy limit of the model as already stressed for fig. 2 . It disappears for positive times because of the fast collisionnal broadening of carrier distributions. This is obvious in the calculated electron and hole distribution functions which are shown in Figs. 5 and 6 respectively. These show significant 20/12/99 broadening already during the pump pulse. The hole distribution is additionally influenced by absorption of LO phonons, which leads to the peak are 45 meV. This is not observed in the experiments since the corresponding photon energy is outside the spectral range covered by the probe pulse. The broadening is very important during the trailing edge of the excitation pulse. At time 50 fs, the initial nonequilibrium peak of the electron distribution reduces to a small hump onto a uniformly decreasing function (around the energy 100 meV in Fig. 5 ). We therefore conclude from plasma dynamics computations that carrier-carrier collisions quickly broaden the photogenerated distributions and therefore strongly suppress the induced absorption above the pump energy predicted in case of narrow distribution functions.
VI-Conclusion:
We have investigated, both experimentally and theoretically, the absorption changes in bulk GaAs due to the presence of non-thermalized carriers. We focused on the problem of the hole burning position and on the possible occurrence of induced absorption above the photogeneration energy. Absorption calculations include the influence of the electron-hole correlations by non-thermalized carriers. The calculations predict a shift of the hole burning peak which is confirmed by experimental absorption spectra. Concerning the induced absorption above the pump energy, the calculations show that this effect quickly disappears when realistic carrier distributions are considered, which are broadened by carrier-carrier collisions. The experimental data display no significant induced absorption above the pump which could be attributed to the presence of nonthermalized carriers.
